ABSTRACT: Enzymes regulate biological processes through the conversion of specific substrates to products. Therefore, of fundamental interest for every enzyme is the elucidation of its natural substrates. Here, we describe a general strategy for identifying endogenous substrates of enzymes by untargeted liquid chromatography-mass spectrometry (LC-MS) analysis of tissue metabolomes from wild-type and enzymeinactivated organisms. We use this method to discover several brain lipids regulated by the mammalian enzyme fatty acid amide hydrolase (FAAH) in ViVo, including known signaling molecules (e.g., the endogenous cannabinoid anandamide) and a novel family of nervous system-enriched natural products, the taurine-conjugated fatty acids. Remarkably, the relative hydrolytic activity that FAAH exhibited for lipid metabolites in Vitro was not predictive of the identity of specific FAAH substrates in ViVo. Thus, global metabolite profiling establishes unanticipated connections between the proteome and metabolome that enable assignment of an enzyme's unique biochemical functions in ViVo.
Enzymes are central components of nearly all signal transduction cascades and metabolic pathways. Genome sequencing projects have provided, for the first time, a view of the total set of enzymes expressed in an organism. Additionally, emerging genetic technologies (e.g., RNAi, targeted gene disruption) coupled with cell-and organismbased phenotypic screens enable a genome-wide analysis of the (patho)physiological activities of enzymes (1) (2) (3) . In contrast, complementary global approaches for elucidating the endogenous biochemical functions of enzymes are lacking, and as a consequence, the substrates of many enzymes remain unknown. Thus, the assignment of natural substrates to enzymes represents a major problem of the postgenomic era, and systematic methods that directly connect the proteome with the metabolome are needed for its solution.
The substrate selectivities of enzymes are generally determined in Vitro using purified protein preparations. However, translating these in Vitro findings into a comprehensive understanding of the scope of substrates utilized by enzymes in ViVo is problematic for multiple reasons. First, in the living cell and organism, enzymes do not function in isolation, but rather as parts of large and complex biochemical networks (4) . Accordingly, in Vitro assays may fail to account for many potentially competitive metabolic pathways that alter or restrict the substrates utilized by a particular enzyme in ViVo (5). Second, efforts to assign natural substrates to enzymes in Vitro are limited by our current knowledge of cellular biochemistry and, therefore, ill-suited for the discovery of novel metabolites that are regulated by enzymes in ViVo. Finally, many enzymes are subject to posttranslational regulation in ViVo, including covalent modification (e.g., phosphorylation) and protein-protein interactions, which may alter substrate recognition and catalysis (6) .
We postulated that a more direct route for identifying endogenous substrates of enzymes could be achieved by globally profiling the metabolic consequences of enzyme inactivation in ViVo. In this model, metabolites that accumulated would be considered candidate endogenous substrates for the disrupted enzyme. To enable the simultaneous characterization of both known and unknown natural products regulated by specific enzymes in ViVo, we developed an "untargeted" (i.e., standard-free) mass spectrometry-based approach for comparative metabolomics, termed discovery metabolite profiling (DMP). 1 We apply DMP to profile the nervous system metabolomes of wild-type mice and mice lacking the enzyme fatty acid amide hydrolase (FAAH), resulting in the identification of several endogenous substrates for this enzyme, including known signaling lipids (e.g., the endogenous cannabinoid anandamide) and a novel structural class of central nervous system (CNS) metabolites, the taurine-conjugated fatty acids.
EXPERIMENTAL PROCEDURES
Tissue Isolation and Extraction. A 2:1:1 CHCl 3 /MeOH/ 1% NaCl solution (8 mL per brain and 4 mL per spinal cord in 8 mL vials) was prepared for tissue extraction to isolate organic soluble metabolites (25, 26) . For targeted LC-MS measurements, deuterated standards were included in the mixture as described previously (10) . FAAH(+/+) and FAAH(-/-) mice (3-6 months of age) were sacrificed at the same time of day and tissues immediately isolated, weighed, placed into the CHCl 3 /MeOH/1% NaCl solution, and homogenized using dounce tissue grinders. Each sample was then centrifuged at 2500 rpm for 10 min at 4°C in a glass vial. After centrifugation, the organic (bottom) and aqueous layers (top) were clearly distinguishable with a layer of insoluble material between them. The organic layer was carefully removed and transferred to another vial. The aqueous layer was extracted with an additional 1 mL of CHCl 3 , 0.5 mL of MeOH, and 1 mL of a 1% NaCl/1% formic acid mixture. This solution was mixed vigorously for 30-60 s and then centrifuged at 2500 rpm for 10 min at 4°C
. The organic layers from the first and second extractions were combined and concentrated under a stream of nitrogen. Samples were stored at -80°C (always for less than 1 day) and dissolved in 120 µL of CHCl 3 prior to analysis by LC-MS.
LC-MS of Tissue Metabolomes. LC-MS analysis was performed using an Agilent 1100 LC-MSD SL instrument. For the LC analysis, a HAISIL 300 C18 column (5 µm, 4.6 mm × 100 mm) from Higgins Analytical was used together with a precolumn (C18, 3.5 µm, 2 mm × 20 mm). Mobile phase A consisted of a 95:5 water/methanol mixture, and mobile phase B was made up of 2-propanol, methanol, and water in a 50:45:5 ratio. Solvent modifiers such as 0.1% formic acid, for the positive ionization mode, and 0.1% ammonium hydroxide, for the negative ionization mode, were used to assist ion formation as well as improve the LC resolution. The flow rate for each run started at 0.1 mL/min for 5 min, to alleviate the backpressure associated with injecting CHCl 3 , followed by a flow rate of 0.4 mL/min for the duration of the gradient. The gradient started at 0% B and then linearly increased to 100% B over the course of 60 min followed by an isocratic gradient of 100% B for 30 min before equilibration for 10 min at 0% B. The total analysis time, including 5 min at 0.1 mL/min, was 105 min. MS analysis was performed with an electrospray ionization (ESI) source. The capillary voltage was set to 3.0 kV and the fragmentor voltage to 100 V. The drying gas temperature was 350°C, the drying gas flow rate was 10 L/min, and the nebulizer pressure was 35 psi. Data were collected using a mass range of 200-1200 Da, and each run was performed using 40 µL injections of tissue metabolite extract.
LC-MS Data Analysis. The analysis of the resulting total ion chromatogram was performed manually by generating extracted ion chromatograms (EICs) in 5 Da increments (e.g., 200-205, 205-210, ..., 1195-1200). EICs of FAAH(+/+) and FAAH(-/-) samples were compared in a pairwise manner to identify changes (i.e., new peaks or changes in the magnitude of peaks) between samples for a given mass range and retention time. After peaks that were not shared by all samples had been discarded, the remaining peaks were quantified using the area under the peaks. The measured areas were then normalized to the amount of tissue and averaged (N ) 6) to afford the mean area for a given peak in the chromatogram. Finally, the peak ratios between FAAH(+/+) and FAAH(-/-) samples provide a quantitative measure of the relative metabolite levels. With signals that fell below the limit of detection in FAAH(+/+) samples, a lower cutoff ion intensity of 32 500 was used. In those cases where this lower limit was used, the average ion intensity values are reported to be greater than or equal to the calculated ion intensity and resulting FAAH(-/-)/FAAH(+/+) ratios are reported to be greater than or equal to the calculated ratio.
PreparatiVe HPLC Purification of N-Acyl Taurines (NATs). The metabolite extracts from five FAAH(-/-) spinal cords were combined for a single LC purification using a Hitachi 7000 series HPLC system. For the purification, a Clipeus C18 column (5 µm, 10 mm × 150 mm) from Higgins Analytical was used. Mobile phase A consisted of water and methanol in a 95:5 ratio, with 0.1% ammonium hydroxide, and mobile phase B consisted of 2-propanol, methanol, and water in a 50:45:5 ratio, with 0.1% ammonium hydroxide. The gradient started at 0% B and then linearly increased to 100% B over the course of 60 min followed by an isocratic gradient of 100% B for 20 min at a flow rate of 2.5 mL/ min. Fractions (one per minute) were collected using a Gilson FC 203B fraction collector. Fractions containing the 446, 460, 472, and 474 metabolites were identified by MS analysis. These fractions were then collected, and the solvent was removed using a rotary evaporator. The samples were then dissolved in a minimal amount of solvent B (200-300 µL) for exact mass and MS/MS analysis.
Fourier Transform Mass Spectrometry (FTMS) Experiments. The high-accuracy measurements were performed in the negative ion mode using a Bruker (Billerica, MA) APEX III (7.0 T) FTMS instrument equipped with an Apollo electrospray source. The collected LC fractions were mixed with a collection of small molecule standards and directly infused at 3 µL/min using a Harvard Apparatus (Holliston, MA) syringe pump. Pneumatic assist at a backing pressure of 60 psi was used along with an optimized flow rate of heated counter-current drying gas (300°C). Ion accumulation was performed using SideKick without pulsed gas trapping. Data acquisition times of approximately 1 min were used, yielding a resolving power of ∼130000 at m/z 446 in broadband in the m/z range of 200-2200. Calculated molecular masses for ions generated by a mixture of small molecule standards were used to internally calibrate the data.
Tandem MS Experiments. MS/MS experiments were performed in the negative ion mode using a Micromass (Manchester, U.K.) Q-Tof Micro instrument equipped with a Z-spray electrospray source and a lockmass sprayer. The source temperature was set to 110°C with a cone gas flow of 150 L/h, a desolvation gas temperature of 365°C, and a nebulization gas flow rate of 350 L/h. The capillary voltage was set at 3.2 kV and the cone voltage at 30 V. The collision energy was set at 40-45 V. Samples were directly infused at 4 µL/min using a Harvard Apparatus syringe pump. MS/ MS data were collected in the centroid mode over a scan range of m/z 50-500 for acquisition times of 2 min.
RepresentatiVe Synthesis of NATs (described for C18:1 NAT, where 18 and 1 refer to the number of carbons and degrees of unsaturation in the NAT acyl chain, respectiVely).
To a 10 mL round-bottom flask fitted with a magnetic stir bar were added oleic acid (50 mg, 0.17 mmol, 1 equiv) and chloroform (3 mL). To this mixture was added oxalyl chloride (291 mg, 200 µL, 2.3 mmol, 13.5 equiv), and the solution was stirred for 4 h. The reaction mixture was then concentrated using a rotary evaporator, and the residue was then dissolved in chloroform (2 mL) followed by the addition of taurine (50 mg, 0.4 mmol, 2.4 equiv) as a 25 mg/mL solution in a 50:50:1 dioxane/water/triethylamine mixture. After 1 h, the reaction mixture was concentrated and purified directly by silica gel chromatography (80:10:10 chloroform/ methanol/acetic acid) to afford a light brown solid. This solid was then dissolved in a 50:50:2 chloroform/methanol/10 N NaOH solution (10 mL) and passed over a column of Dowex 1x2-400 (3 g). The resin was then washed with methanol (50 mL) and 2% acetic acid in methanol (50 mL). The product was then eluted using 2% HCl in methanol to afford C18:1 NAT (15 mg, 23%): 1 H NMR (500 MHz, CDCl 3 ) δ 5.34 (m, 2H), 3.66 (t, 2H, J ) 7 Hz), 3.00 (t, 2H, J ) 7 Hz), 2.31 (t, 2H, J ) 7.7 Hz), 2.03 (m, 4H), 1.62 (m, 2H), 1.31 (m, 20 H), 0.90 (t, 3H, J ) 6.95 Hz). Note that yields of very long chain fatty acids were lower (∼5-10%) due to the limited solubility of the intermediates.
Targeted LC-MS Measurements of NATs. A 2:1:1 CHCl 3 / MeOH/1% NaCl solution (8 mL per brain and 4 mL per spinal cord in 8 mL vials) was prepared for tissue extraction. Following a previously described procedure for quantifying fatty acids (27) , NATs were quantified by using a C17:0 NAT standard (500 pmol), which was synthesized as described above and added to the extraction solution. Mice were sacrificed and tissues immediately isolated, weighed, placed into the CHCl 3 /MeOH/1% NaCl solution, and homogenized using dounce tissue grinders. Each sample was then processed as described above and analyzed by targeted LC-MS using selected ion monitoring (SIM). Concentrations of NATs were estimated with respect to the C17:0 NAT standard.
FAAH Substrate Assays. FAAH assays were performed by following the conversion of substrates to their corresponding fatty acids by LC-MS. FAAH was recombinantly expressed and purified from Escherichia coli as described previously (28) . Reactions were conducted with 1.25-125 nM FAAH and 12.5-150 µM N-acyl ethanolamine (NAE) or NAT substrate in a reaction buffer of 100 mM Tris-HCl, 1 mM EDTA, and 0.1% Triton X-100 (pH 8, adjusted using HCl or NaOH). Reactions were quenched with 0.5 N HCl. LC-MS analysis was performed using an Agilent 1100 LC-MSD SL instrument. For the LC analysis, a HAISIL 100 C8 column (5 µm, 4.6 mm × 50 mm) from Higgins Analytical was used. Mobile phase A consisted of water and methanol in a 95:5 ratio, with 0.1% ammonium hydroxide, and mobile phase B consisted of 2-propanol, methanol, and water in a 50:45:5 ratio, with 0.1% ammonium hydroxide. The gradient started at 10% B and then linearly increased to 100% B over the course of 10 min followed by an isocratic gradient of 100% B for 5 min at a flow rate of 0.5 mL/min. Aliquots of the quenched solutions were directly injected into the LC-MS system for analysis. SIM was used to measure both the starting NAE or NAT and the corresponding fatty acid hydrolysis product. Standard curves of fatty acids (C18:1, C22:0, and C24:0) allowed the conversion of ion intensities into molar quantities. Each substrate was tested at four independent concentrations, and at each concentration, four separate time points were measured (4-90 min) such that no greater than 20% formation of product was observed at the final time point. Linear kinetics was observed for each substrate at each concentration that was tested, and from these data, initial velocities were calculated and used to determine k cat , K m , and k cat /K m . For very long chain NAE and NATs (gC22), K m and k cat values were not separately determined due to substrate solubility limits {∼200 µM in reaction buffer [100 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.1% Triton X-100, and 2.5% DMSO]}. However, the rates of hydrolysis of these substrates by FAAH increased linearly over a concentration range of 25-150 µM ( Figure 2 of the Supporting Information), and from these data, specificity constants (k cat /K m ) were determined.
RESULTS

DeVelopment of an Untargeted, Standard-Free Approach for ComparatiVe Metabolite Profiling.
Metabolites are typically measured in biological samples by "targeted" gas or liquid chromatography (LC)-MS techniques, in which the levels of specific compounds are determined using isotopic variants as internal standards coupled with MS analysis by selected ion monitoring (SIM) (7, 8) (Figure 1A ). However, these targeted methods are restricted to the analysis of a limited number of known metabolites and therefore are not compatible with the discovery of novel substrates of enzymes. Key to the implementation of discovery metabolite profiling (DMP) was the supposition that the absolute mass ion intensities measured during LC-MS analysis could be used in a broad mass-scanning mode to quantify the relative levels of metabolites in tissue samples and thereby obviate the need for internal standards ( Figure 1B) . To test this premise, we compared the LC-MS metabolite profiles of central nervous system (CNS) tissues from wild-type mice and mice lacking the enzyme FAAH (9) [FAAH(-/-) mice], which degrades several neural signaling lipids in ViVo (10), (10, 12) and thus provided an excellent model for testing the capacity of DMP to identify both known changes in the levels of specific FAAH substrates and potentially novel metabolites regulated by this enzyme in ViVo.
General conditions for DMP were established for the optimal extraction, LC separation, and mass ionization of tissue lipid metabolites using a diverse set of purified standards, including NAEs, ceramides, phospholipids, fatty acids, and glycerol esters ( Table 1 of the Supporting Information). These conditions were then applied to CNS tissues from FAAH(+/+) and FAAH(-/-) mice using LCelectrospray ionization (ESI) MS in both the positive and negative ion modes scanning across a mass range of 200-1200 Da. Comparative analysis of the resulting total ion chromatograms was performed manually by generating extracted ion chromatograms in 5 Da increments (e.g., 200-205, 205-210, ..., 1195-1200). Six independent experiments were run for each tissue of each genotype, and the intensities of peaks that were reproducibly detected in all six experiments were averaged (Tables 2 and 3 of the Supporting Information). The intensity ratios of averaged peaks showing equivalent masses and retention times in the FAAH(+/+) and FAAH(-/-) samples provided a quantitative measure of changes in the metabolome resulting from the inactivation of FAAH (Figure 2 ). Known endogenous NAE substrates of FAAH (e.g., C18:1 and C18:0) were readily identified in these comparative metabolite profiles, and their levels were estimated to be elevated 12-18-fold in the brains and spinal cords of FAAH(-/-) mice ( Figure 2 , group 4; also see Table  1 and Tables 2 and 3 of the Supporting Information) . Notably, these DMP measurements were all within 1.6-fold of results obtained by targeted LC-MS methods ( Table 1  and Table 4 of the Supporting Information), demonstrating that the relative levels of endogenous metabolites can be accurately quantified in tissue extracts by untargeted methods (i.e., without the need for internal standards and SIM). Very low-abundance NAEs, such as anandamide (C20:4), were a Data in parentheses were determined by targeted LC-MS methods. NAEs, N-acyl ethanolamines; MAGs, monoacylglycerols; NATs, N-acyl taurines; FFAs, free fatty acids. Data represent the mass ion intensity ratios of the averages of six independent experiments per group. For a more complete summary of lipid expression profiles, including raw mass ion intensity data, see Tables 2 and 3 of the Supporting  Information. also detected by DMP, but only in FAAH(-/-) tissues, establishing a sensitivity limit for this method that was within 5-10-fold of the sensitivity of targeted LC-MS analysis. In addition to known NAEs, several heretofore unrecognized members of this lipid family were also found by DMP to be significantly elevated (∼4-10-fold) in CNS tissues from FAAH(-/-) mice, including C16:1, C22:0, and C24:1 (Table 1 and Tables 2 and 3 of the Supporting Information). These data indicate that the NAE class of bioactive lipids is much larger than previously appreciated and support the notion that FAAH controls the levels of most, if not all, of these compounds in ViVo.
Identification and Structural Characterization of a NoVel Class of FAAH-Regulated Metabolites by DMP.
In contrast to the NAEs, most of the other lipid species that were examined remained unchanged in FAAH(+/+) and FAAH-(-/-) tissues, including free fatty acids, phospholipids, and ceramides ( Figure 2 , groups 1-3, respectively; also see Table  1 and Tables 2 and 3 of the Supporting Information). Interestingly, however, DMP detected a class of unknown metabolites that was dramatically elevated in the brains and spinal cords of FAAH(-/-) mice (Figure 2 , group 5). These compounds, which were selectively observed in the negative ionization mode, were larger in mass than the NAEs (m/z 446-502 vs 296-438) and also appeared to be more hydrophilic based on earlier elution times on LC. To determine the structures of these novel FAAH-regulated metabolites, the most abundant representatives (m/z 446, 472, and 474) were purified by preparative HPLC and their exact masses determined using ESI-FTMS to be 446.3310, 472.3466, and 474.3623, affording predicted molecular formulas of C 24 H 48 NO 4 S, C 26 H 50 NO 4 S, and C 26 H 52 NO 4 S, respectively ( Figure 3A) . The convergence of these metabolites to a consensus molecular formula (i.e., a conserved heteroatomic component, NO 4 S, with a variable hydrocarbon portion) provided strong evidence that they belonged to the same structural class. Consistent with this premise, tandem MS analysis generated highly related fragmentation patterns for the 446, 472, and 474 metabolites, which included the serial loss of 14 mass units indicative of a lipid alkyl chain and a series of shared lower-molecular mass ions (m/z 80, 107, and 124) suggesting the presence of taurine ( Figure 3B and Figure 1 of the Supporting Information), a bioactive amino acid highly enriched in the brain (13, 14) . On the basis of these criteria and our knowledge of the general reactions catalyzed by FAAH (e.g., amide/ester hydrolysis), we postulated that this novel class of FAAH-regulated CNS lipids represented taurine-conjugated analogues of very long chain fatty acids [N-acyl taurines (NATs)], with the 446, 472, and 474 peaks corresponding to C22:0, C24:1, and C24:0 NATs, respectively. The levels of these very long chain NATs were elevated 4-40-fold in the brains and spinal cords of FAAH(-/-) mice (Table 1 and Table 3 of the Supporting Information). Shorter chain NATs (e.g., C18:1) were also identified in CNS tissue, but the levels of these lipids were only slightly elevated in the absence of FAAH (Table 5 of the Supporting Information).
Although taurine conjugates of sterols (bile salts) are wellestablished liver metabolites (15) , to our knowledge, NATs have not previously been identified as natural products in the CNS or peripheral tissues of mammals. To confirm the structure of this unusual class of lipids, we prepared synthetic samples of C18:1, C22:0, and C24:0 NATs for direct comparison with the natural products. The synthetic and natural substances exhibited identical retention times by LC ( Figure 3C ), similar mass ionization characteristics (e.g., selective ionization in the negative mode), and equivalent fragmentation patterns by MS/MS analysis ( Figure 3B) . Collectively, these analytical data provided strong evidence that the unknown FAAH-regulated CNS metabolites identified by DMP were NATs. We next quantified the levels of these lipids in tissues from FAAH(+/+) and FAAH(-/-) mice using targeted LC-MS methods. For these studies, a non-natural NAT (C17:0) was included as an internal standard and several endogenous NATs (chain lengths from 16 to 26) were measured concurrently by MS using SIM. The levels of very long chain NATs (gC22) were determined to be, in general, 10-40-fold elevated in CNS tissues from FAAH(-/-) mice, and these targeted data were all within 2-fold of the estimates obtained by DMP ( Table 1 and Table  5 of the Supporting Information). Targeted MS studies also provided a measure of the absolute concentrations of NATs, revealing that these lipids were enriched in the CNS compared to peripheral tissues and exhibited an acyl chain distribution favoring very long chains (Tables 3 and 5 of the Supporting Information). This latter property contrasted sharply with the acyl chain distribution of NAEs, which was strongly weighted toward shorter chain species (e.g., C16: 0, C18:0, and C18:1) (Figure 2 of the Supporting Information).
The RelatiVe ActiVity that FAAH Displays for Lipid Substrates in Vitro Is Not PredictiVe of the Metabolites Regulated by This Enzyme in ViVo.
Given that several of the lipids identified by DMP in the CNS of FAAH(-/-) mice represented novel natural products, we next tested whether these compounds were substrates for FAAH using a general LC-MS assay (Figure 4) . FAAH was found to hydrolyze representative long and very long chain members of both the NAE and NAT classes of lipids, as well as members of the monoacylglycerol family of fatty acid esters ( Figure 4 and Table 2 ). The relative k cat /K m values (specificity constants) for these substrates varied by more than 5 orders of magnitude (Table 2) , with saturated, very long chain substrates being hydrolyzed by FAAH with markedly lower efficiencies than shorter chain unsaturated lipids. Interestingly, this in Vitro substrate selectivity profile for FAAH did not correlate with the relative expression levels of its lipid substrates in CNS tissue from FAAH(+/+) and FAAH-(-/-) mice. For example, the C24:0 NAT was a several hundred-fold poorer substrate for FAAH than the C18:1 NAT, but its level was more dramatically elevated in FAAH-(-/-) tissues (Table 2) . Similarly, FAAH hydrolyzed the C18:1 NAE with a specificity constant ∼50000 times greater than that for the C22:0 NAE, yet both of these substrates were still highly upregulated (6-18-fold) in FAAH(-/-) CNS tissues (Table 2) . Conversely, the fatty acid ester 2-OG, which was one of the most active FAAH substrates in Vitro (Table 2) , showed no change in expression in FAAH(-/-) mice (Table 1 ). These data indicate that the relative activity displayed by FAAH for substrates in Vitro is not necessarily indicative of the specific contribution that this enzyme makes to the regulation of lipid metabolites in ViVo, as even the levels of very poor substrates (e.g., C22:0 NAE and C24:0 NAT) were highly elevated in FAAH(-/-) mice, while other lipids that were excellent substrates in Vitro (e.g., 2-OG) were unperturbed by the inactivation of FAAH.
DISCUSSION
The levels and distribution of metabolites in cells and tissues are regulated by an intricate biochemical network of enzymes acting in both coordination and competition. Accordingly, the assignment of endogenous substrates to enzymes requires analytical methods that can evaluate the function of these proteins directly in their native environment. Here, we have introduced a strategy termed discovery metabolite profiling (DMP) for globally evaluating the metabolic consequences of enzyme inactivation in ViVo and have applied this method to identify several physiological substrates for the mammalian enzyme fatty acid amide hydrolase (FAAH), including known signaling lipids (e.g., anandamide) and a novel family of nervous system-enriched natural products, the N-acyl taurines (NATs). DMP also determined that other lipid classes were unaffected by the inactivation of FAAH, indicating that this enzyme performs unique and specific roles in CNS metabolism. Importantly, however, these endogenous activities could not be directly gleaned from an in Vitro analysis of FAAH's substrate selectivity, which was unpredictive of the lipids regulated by this enzyme in ViVo. We suggest that this discordance can be largely explained by the presence or absence of competing metabolic pathways in ViVo. For example, the esterified lipid, 2-OG, which is an excellent FAAH substrate in Vitro, but unaltered in FAAH(-/-) mice (Table 2) , is also hydrolyzed by additional enzymes, such as monoacylglycerol lipase (16) , suggesting that other metabolic pathways may control the levels of this lipid in ViVo. Consistent with this notion, brain homogenates from FAAH(+/+) and FAAH(-/-) mice have been found to hydrolyze 2-OG at equivalent rates (17) . On the other hand, poor substrates for FAAH in Vitro, such as the very long chain NATs and NAEs, may still be regulated by this enzyme in ViVo if alternative routes for catabolism are absent. Further complicating predictions of in ViVo activity for enzymes is the potential for tissue-specific functions. For example, hormone-sensitive lipase, an enzyme originally considered to represent the primary cholesterol esterase in most cells and tissues, has recently been found to serve this function in testis and adipose tissue, but not in macrophages, where other (as yet unidentified) cholesterol esterases predominate (18) . Collectively, these findings stress that, to understand the endogenous functions played by an enzyme, one must not only determine its catalytic properties in Vitro but also distinguish which subset of these activities is uniquely attributable to this enzyme versus those that can be performed by other metabolic pathways in ViVo.
In addition to analyzing genetic models of enzyme inactivation, DMP should also be suitable for evaluating the acute or chronic effects of enzyme inhibitors. In the case of FAAH, such studies may have important biomedical implications, as this enzyme is an emerging therapeutic target for the treatment of pain (19) and neuropsychiatric disorders (20) . FAAH inhibitors would be predicted to reduce pain and anxiety by elevating bioactive NAEs (e.g., anandamide) in the CNS; however, if NATs are similarly upregulated [as they were in FAAH(-/-) mice], one must consider whether these novel fatty acid amides are inert metabolites or signaling molecules in their own right. Given the key role that taurine plays as a chemical transmitter in the CNS (13, 14) , combined with the selective enrichment of NATs in these tissues (Table 5 of the Supporting Information), we speculate that this novel family of lipids may serve a signaling function in the brain, possibly as a neuronal source for the local (FAAH-catalyzed) production of taurine, which is otherwise biosynthesized, transported, and released primarily by astrocytes (21, 22) .
In summary, DMP addresses a problem of fundamental importance for all enzymes, the assignment of endogenous substrates, and can, in principle, be applied to any metabolic enzyme, even those that function in highly complex tissues such as the mammalian brain. The value of DMP over more conventional, targeted analytical methods is underscored by our finding of a structurally novel class of CNS lipids, the N-acyl taurines (NATs), as endogenous substrates of FAAH. The structure determination of NATs was expedited by our knowledge of the enzymatic mechanism of FAAH, highlighting an additional virtue of DMP, which provides a functional link between the proteome and the metabolome that adds significant predictive value to the often laborious process of characterizing unknown natural products. In our pursuit of FAAH substrates, we elected to analyze the organic extracts of mouse tissues to enrich for lipophilic metabolites. However, other portions of the metabolome (e.g., aqueous soluble metabolites) can be similarly fractionated (23, 24) and thus should be amenable to analysis by DMP. Additionally, it is important to note that, while the natural products identified by DMP in this study constituted direct substrates for FAAH, secondary metabolites of enzymatic pathways may also be uncovered with this method. By forging specific connections between the proteome and the metabolome, DMP should elucidate endogenous functions for many enzymes and facilitate their integration into larger metabolic and signaling networks in the cell. The correlation of these biochemical outputs with changes in cell and organismal biology that accompany enzyme inactivation should, in turn, lead to a deeper understanding of the metabolic basis for a number of physiological and pathological states.
